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Skeletal Concentrations of Lead, Cadmium,
Zinc, and Silver in Ancient North American
Pecos Indians
by Jonathon E. Ericson,* Donald R. Smith,t and A. Russell
Flegal*
Bone samples of 14 prehistoric North American Pecos Indians from circa 1400 A.D. were analyzed for
lead, cadmium, zinc, and silver by graphite furnace atomic absorption spectrometry to establish the
baseline levels of these elements in an ancient North American population. Measurements of outer and
inner bone fractions indicate the former were contaminated postmortem for lead, zinc, and cadmium. The
contamination-adjusted average (x ± SD) level of lead (expressed as the ratio of atomic lead to atomic
calcium) in bones of the Indians was 8.4 + 4.4 x 10', which was similar to ratios in bones of ancient
Peruvians (0.9 to 7.7 x 10-7) and significantly lower than ratios in bones of modern adults in England
and the United States (210 to 350 x 10-7). The adjusted average concentrations (microgram per gram dry
weight) ofbiologic cadmium, silver, and zinc in the Pecos Indian bones were 0.032 ± 0.013, 0.094 + 0.044,
and 130 + 66, as compared to concentrations of 1.8, 0.01 to 0.44, and 75 to 170 in the bones of modern
people, respectively. Therefore, cadmium concentrations in Pecos Indian bones are also approximately
50-fold lowerthan those ofcontemporary humans. Thesedatasupportearlierfindingsthatmostpreviously
reported natural concentrations of lead in human tissues are erroneously high and indicate that natural
concentrations of cadmium are also between one and two orders of magnitude lower than contemporary
concentrations.
Introduction
Human exposure to anthropogenic lead in the Old
World dates back over 4500 years to the inception of
cupellation (refining ofprecious metals by fire) and has
increased nearly exponentially since that time (1,2).
Therefore, ancient human remains from Old World re-
gions and subsequent to circa 2000 to 3000 B.C. should
not be used to determine the natural body-levels oflead
(3). The northern hemisphere of the New World has
also been impacted by aerosol transmission of anthro-
pogenic lead during that period (4,5) due to a predom-
inant latitudinal tropospheric distribution of lead aer-
osols (6), as well as from industrial uses of lead within
the New World. An approximate 500-fold increase in
contemporary human skeletal lead burdens was re-
vealed in a previous study (3), which used development
of ultra-clean techniques (7). In that study, Ericson et
al. (3) determined the skeletal lead burden (Pb/Ca
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atomic-corrected) of ancient Peruvians (1600 years be-
fore present) to be 0.3 x 10-7, compared to 210 to 350
x i0O7 found in contemporary humans of the indus-
trialized northern hemisphere (8-14). That increase is
due to massive global atmospheric emissions ofanthro-
pogenic lead, which are currently estimated at 3 x 108
kg/yr (15). Other studies (16-19) have reported smaller
historical increases in skeletallead, thoughtheirresults
may be qualified by concerns of contamination, since
they did not employ ultra-clean analytical techniques.
Several processes have been suggested to accountfor
differences in lead concentrations of buried ancient
bones. It has been suggested that biologic lead is
leached out of buried bone, thereby diminishing lead
concentrations with increased burial time (20). Propo-
nents ofthat process believe that lead levels in ancient
skeletal remains underestimate true natural levels,
which supposedly were much higher, and that lead lev-
els in bones of contemporary humans are natural and
normal. Conversely, it has also been suggestedthatlow
lead concentrations in ancient remains reflect very low
levels in an unperturbed, natural environment and that
lead levels in those buried bones may have been ele-
vated by subsequent exposure to natural soil lead and
industrial lead (3,21). The latter process, which we be-
lieve is more accurate, indicates that natural lead levelsERICSON ET AL.
ofancient humans may be overestimated in analyses of
buried remains, and those analyses must be corrected
to accurately establishnatural lead concentrations. Con-
sequently, the very high skeletal lead concentrations
(subelinical) in contemporary humans are in extreme
excess (two to three orders of magnitude) of natural
levels due to exposure and accumulation of ubiquitous
industrial leads.
Skeletal remains of North American Pecos Indians
buried in arid desert soils were studied to compare an-
cient human lead levels between different hemispheres
of the New World and to establish the preindustrial
baseline levels of cadmium, zinc, and silver in human
bone tissue. The skeletal remains recovered from Pecos
Pueblo, New Mexico, compose one of the largest and
stratigraphically best-documented collections ofhuman
osteological material in the New World (22). This al-
lowed for careful selection of samples that were well
suited (i.e., adequate size, physical integrity, and rep-
resentative of the population) for characterization of
skeletal trace metal levels by ultra-clean elemental
analysis. These four trace metals were chosen because
the magnitudes of their emissions from industrial
sources are high relative to those from natural pro-
cesses, they have no biological function with the excep-
tion of zinc, and they exhibit some level of toxicity to
humans (23-25).
Lead, zinc, cadmium, and silver are accumulated in
bone to different degrees and for different reasons.
Lead is a biogeochemical analog to calcium (3,26,27),
though it has no known biologic role and is only present
as a contaminant in the body. Seventy to 95% of a ver-
tebrate's body lead burden is contained within the skel-
eton (12), where it is associated with the mineral matrix
(28,29). Zinc is ubiquitous in body tissues and serves
many essential functions in numerous protein and en-
zyme systems (30). Approximately 28% of the body's
zinc is localized in bones and teeth (31), where it is
largely (98%) mineral associated (28). Cadmium, like
lead, serves nobiological function andis virtually absent
from humans at birth (32). Over 50% of the body cad-
mium burden is localized in the kidneys and liver, while
comparatively little accumulates in bones (24,33,34).
However, the large relative contribution of osseous tis-
sue to total body mass suggests bones may contain a
notable fraction ofbody cadmium burdens. Silveris also
a nonessential element in organisms and is apparently
poorly accumulated under normal physiological condi-
tions (35). As with cadmium, it is most commonly as-
sociated with a low molecular weight metallothionein
protein pool in liver and kidney tissues (23,36).
Lead and its biochemical analog calcium were meas-
ured to determine the validity ofthe conclusions of Er-
icson et al. (3) on a global scale. Specifically, it was
unknownwhetherthe historical 500-foldincrease oflead
indicated by their data was partially due to hemispheric
differences in the human uptake of natural lead. Silver
was measured because its historical increase in anthro-
pogenic emissions has paralleled that oflead, since the
latter was initially emitted as an industrial waste prod-
uct in the production of silver from the cupellation of
argentiferous galena (1,37). Zinc also has a long history
(> 2000 years) of anthropogenic emissions as a major
alloying ingredient in the production of brass (38). Its
industrial production has paralleled that of cadmium,
which is a biogeochemical analog of zinc and is charac-
teristically present as a trace constituent in zinc sulfide
deposits. Therefore, the following ultra-clean measure-
ments of ancient human skeletal lead, cadmium, zinc,
and silver concentrations provide quantification of the
industrial perturbations of those elements in the bios-
phere.
Materials and Methods
Sample Selection
Fourteen human bone samples (Table 1) were se-
lected from the Harvard University Peabody Museum's
extensive collection of over 900 Pecos Indians (39,40).
Selection criteria were based onphysical size (i.e., large
enough to render a relatively pristine inner bone sub-
sample) and overallintegrity. This excluded highlyfrac-
tured bones and those showing evidence of excessive
diagenetic alteration (physiochemical changes that oc-
curred within the bone during and after burial in sed-
iments). Classifications based on osteological analyses
by Hooten (39) and Ruff (22,40) were used to select
bones of different anatomical origin, gender, and age
groups to represent the population with arelatively few
number of samples. This introduced additional sources
ofvariance, since skeletal lead levels are known to vary
with bone type (cortical versus trabecular) and age of
the individual (41). Differences in bone lead levels be-
tween males and females have also been demonstrated,
though these have been largely attributed to varying
degrees of exposure between the two groups (41,42).
The human burials were excavated by A. V. Kidder
at Pecos Pueblo, beginning in 1915, and continued in-
termittently until 1925 (43). Pecos Pueblo was occupied
Table 1. Archaeological data on Pecos Indian bones collected
from Pecos Pueblo, New Mexico.
Analytical Age at
sample no. Peabody no. Bonea Genderb death, years
1 60078 P 4-6
2 60206 T ? 6
3 60079 P ? 6
4 60151 P ? 8
5 60023 P M 18
6 60107 T F 19
7 60685 P ? 22-23
8 59924 P M 28
9 60285 0 F 34
10 60695 F M 39
11 60180 0 M 40-49
12 60602 PT M 40-49
13 60562 0 M 50+
14 60216 P F 50+
ap parietal; T, temporal; 0, occipital; F, frontal; PT, parietal tem-
poral.
bM, male; F, female; ?, unknown.
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from 1300 to 1823 A.D. and is located in north central
New Mexico (350 34'N, 105° 37'W) (43). Samples were
ofindividuals buried at Pecos Puebloin association with
architectural features and temporally diagnostic glazed
ceramic wares. Six glaze types (44) were dated by the
dendrochronology ofthat region (43). The Pecos Pueblo
appears to have been settled by sedentary agricultur-
alists (43), whosedietwouldhaveincludedmaize, beans,
squash, and sunflower seeds (45), in addition to wild
animals hunted in the nearby mountains and plains to
the east (46).
While the people ofPecos Pueblo lived in a relatively
pristine environment, they still may have been exposed
to some anthropogenic lead from lead glaze-painted ce-
ramics. They produced lead glaze-paint ceramics for
decorative purposes, beginning during Glaze Ware III
and continuing to Glaze Ware VI (47). Production of
glaze wares supplied only local use, since with few ex-
ceptions, they were not exported. Raw materials for
the lead glass glaze contained varying amounts of iron
and manganese (47) and were obtained from the people
at Galisteo who controlled the cerussite (lead carbonate)
source associated with turquoise in the Ortiz Mountains
to the southwest of Pecos Pueblo. This may have con-
tributed to some of the variation among individuals in
the following bone lead concentrations, and the lead
concentrations ofall those individuals are considered to
be elevated compared to those preindustrial individuals
with no industrial lead exposure.
Sample Preparation and Analysis
The samples were processed in a Class-100 trace
metal clean laboratory which meets the criteria estab-
lished by Patterson and Settle (7). All commercial high
purity acids were redistilled twice in subboiling quartz
stills and only ultra-pure (18megaohm) water was used.
All containers were acid-cleaned and preconditioned
with the ultra-pure reagents used in the digestion. In-
dividual and procedural blanks were processed and
measured concurrently. The analyses were intercali-
brated with concurrent analyses of National Institute
of Standards and Technology (NIST) standard refer-
ence material (SRM 1577a).
A set of inner and near-surface outer bone was ob-
tained from each ofthe fourteen bone fragments. Inner,
compact bone samples were obtained by grinding away
exterior cortical surfaces with an acid-cleaned (concen-
trated HNO3) drill bit. The resulting samples were re-
peatedly rinsed with dilute nitric acid and ultra-pure
water to minimize contamination ofthe inner bone with
outer bone fragments created from the drilling process.
This cleaning procedure does not preferentially remove
lead relative to calcium (3). Any potential contribution
ofthe drill bit to the lead content ofthe samples, either
directly or through forcing microparticles ofthe exter-
nal cortical surface into interior microfractures, ap-
peared to be minimal, based on microscopic analyses.
The companion outer bone samples consisted of cor-
tical and cancellous bone fragments created during the
drilling process. These were prepared concurrently
with the inner bone samples to indicate the degree of
surface contamination ofthe initial bone fragment. Nei-
ther of these samples included the outermost surface
material, which was assumed to be heavily contami-
nated. This procedure eliminated diagenetically altered
material, which results in postmortem addition of con-
taminant lead (and other trace elements) to bone sur-
faces during burial. It also allowed us to determine
whether lead and other elements were leached from
bone surfaces, or ifthose elements were added to bone
as contamination from the soil during burial.
Bone samples ranging from 0.1 to 2.4 g (dry weight)
were digested in quartz beakers with concentrated ni-
tric and hydrochloric acids. Analyses were conducted
on a Perkin-Elmer model 603 atomic absorption spec-
trometer equipped with a deuterium arc background
corrector, HGA 500 graphite furnace, and AS 40 au-
tosampler. Samples were analyzed using the method of
standard additions with replicate sample injections.
Our data are presented on a bone dry weight basis
and normalized to bone calcium content. Skeletal trace
element concentrations presented only on a wet or dry
weight basis introduce analytical error, in addition to
confounding comparisons between samples, due to sub-
stantial differences in both mineral and nonmineral con-
tent between bone types and individuals sampled (41).
Results
Concentrations and Atomic Ratios
Elevated lead, zinc, and cadmium levels ofthe outer
relative to inner bone fractions indicate that the outer
fractions are contaminated (Tables2and 3). Thisismost
apparent with lead in outer bone, which is 2- to 10-fold
higher than in inner bone. These concentration and
atomic ratio gradients indicate that outer bone contains
both metabolic lead and contaminant lead incorporated
after death. The latter may include a) soil lead added
by diagenetic processes (3) and b) industrial lead added
during collection, storage, and handling activities (48).
These gradients are analogous to those in ancient ice
cores (49), which resulted from the intrusion ofcontam-
inant lead through minute cleavages in the ice matrices.
Smaller elevations (50%) of zinc in outer bone exhibit
similar parallels, while cadmium decreases from outer
to inner bone in about half of the samples, and the re-
maining 50% show either no change or a small increase
in inner bone. The lattermay be due to loss ofcadmium
in bone proteins during biodegradation. These trends
are consistent with the postmortem contamination of
buried ancient remains, and evidence diagenetic alter-
ation ofthese elements in the bones. Conversely, silver
levels typically increase from outer to inner bone, sug-
gesting that silver was leached from bone surfaces dur-
ingburial. Although itis possible thatnaturalgradients
between inner and outer bone are due to differential
metabolic incorporation and/or resorption ofthese four
elements, it is most likely that these gradients result
219ERICSON ET AL.
Table 2. Elemental concentrations of Pecos Indian bones.a Table 3. Metal/calcium ratios (atomic) of Pecos Indian bones.a
Analytical
sample no.
1 (i)
(0)
2 (i)
(o)
3 (i)
(o)
4 (i)
(o)
5 (i)
(o)
6 (i)
(o)
7 (i)
(o)
8 (i)
(o)
9 (i)
(o)
10 (i)
(o)
11 (i)
(o)
12 (i)
(o)
13 (i)
(o)
14 (i)
(o)
Elemental concentrations, ,ug/g dry weight
Pb
0.68
1.9
0.12
1.4
4.8
14.0
NDb
3.5
0.58
1.4
2.0
1.8
1.1
5.1
1.9
6.9
0.28
0.80
0.78
4.0
0.89
12.0
1.8
14.0
0.78
7.4
3.5
6.1
Ag
0.039
0.017
0.055
0.064
0.13
0.088
0.10
0.23
0.075
0.052
0.078
0.019
0.070
0.12
0.16
0.12
0.56
0.44
0.066
0.061
0.077
0.083
0.092
0.14
0.41
0.13
0.19
0.10
Cd
0.19
0.054
0.051
0.083
0.13
0.19
0.024
0.031
0.21
0.14
0.36
0.41
0.22
0.17
0.036
0.057
0.033
0.15
0.035
0.021
0.036
0.13
0.27
0.73
0.008
0.048
0.088
0.091
Zn
120.0
67.0
83.0
190.0
110.0
130.0
62.0
110.0
140.0
250.0
240.0
280.0
260.0
250.0
94.0
150.0
110.0
110.0
84.0
130.0
210.0
380.0
450.0
680.0
75.0
290.0
82.0
110.0
Ca, %
16.0
5.4
15.0
15.0
13.0
13.0
13.0
17.0
18.0
17.0
16.0
9.4
16.0
17.0
12.0
18.0
17.0
15.0
13.0
16.0
13.0
16.0
13.0
14.0
16.0
50.0
14.0
11.0
aInner (i) and outer (o) fractions analyzed per bone sample.
bND, not detected (Pb concentration < 0.023 ,ug/g dry weight).
from the addition/removal of elements to outer bone
postmortem. Consequently, data from the outer bone
samples are considered to be invalid.
Concentrations and metal/calcium atomic ratios ofall
four trace elements in the inner bone samples varied by
nearly an orderofmagnitude or more betweenthe high-
est and lowest values. No correlates exist with gender
or age ofthe individuals at death (Tables 1, 2, and 3).
Lead. Lead concentrations ofinnerbone range from
below the analytical detection limit (< 0.023) to 4.8
pLg/g, and average (x + SD) 1.5 ± 1.4 ,ug/g. Inner bone
lead/calcium ratios parallel trends in concentrations and
range from 1.6 x 10-7 to 73 x 10-7, with an average
of 21 ± 21 x 10-7.
Cadmium. Cadmium concentrations of inner bone
vary from 0.008 to 0.36 ,ug/g and average 0.12 ± 0.11
pRg/g. Cadmium/calcium ratios in inner bone range from
0.19 to 8.1 x 10-7, and average 2.9 ± 2.6 x 10-7.
Zinc. Inner bone zinc concentrations (62 to 450
,ug/g) average 150 ± 110 ,xg/g, while zinc/calcium ratios
in inner bone (2.9 to 21 x 10-4) average 6.5 ± 4.9 x
10-4. Relative decreases of zinc and cadmium concen-
trations of individual bones are parallel, which is con-
sistent with similarities in their natural and anthropo-
genic cycles.
Silver. Silver concentrations of inner bone range
Analytical
sample no.
1 (i)
(o)
2 (i)
(o)
3 (i)
(o)
4 (i)
(o)
5 (i)
(o)
6 (i)
(o)
7 (i)
(o)
8 (i)
(o)
9 (i)
(o)
10 (i)
(o)
11 (i)
(o)
12 (i)
(o)
13 (i)
(o)
14 (i)
(o)
Pb/Ca,
x10-7
8.5
67.0
1.6
18.0
73.0
220.0
NDb
40.0
6.4
17.0
24.0
36.0
13.0
58.0
30.0
74.0
3.2
11.0
12.0
47.0
13.0
150.0
27.0
190.0
9.6
29.0
50.0
110.0
Ag/Ca,
x10-7
0.94
1.2
1.4
1.6
3.9
2.5
3.0
5.2
1.6
1.2
1.8
0.75
1.7
2.6
5.0
2.4
12.0
11.0
2.0
1.4
2.2
2.0
2.7
3.7
9.6
0.95
5.0
3.7
Cd/Ca,
X 10-7
4.4
3.5
1.2
2.0
3.6
5.3
0.68
0.67
4.4
3.1
8.1
16.0
5.0
3.7
1.1
1.1
0.69
3.6
0.98
0.48
1.0
2.9
7.4
19.0
0.19
0.34
2.3
3.1
Zn/Ca,
X 10-4
4.6
7.6
3.4
7.8
5.3
6.2
3.0
3.9
4.9
9.2
9.2
18.0
10.0
9.2
4.8
5.1
4.1
4.6
4.1
5.1
9.9
15.0
21.0
30.0
2.9
3.6
3.6
6.5
aInner (i) and outer (o) fractions analyzed per bone sample.
bND, not detected (Pb concentration < 0.023 ,ug/g dry weight).
from 0.039 to 0.56 pag/g and average 0.15 + 0.15 ,ug/g,
while silver/calcium ratios (0.94 to 12 x 10-7) average
3.8 ± 3.3 x 10-7.
Estimates of Natural Concentrations
Since metal concentration gradients between inner
and outer bone fractions indicate that outer bone trace
element levels have been altered (contaminated) post-
mortem, inner bone values may be similarly qualified
by concerns ofcontamination. Some ofthose innerbone
concentrations and atomic ratios appear to be anoma-
lously high and would therefore positively bias our es-
timates. We identified these samples for exclusion by
employing the metal/calcium ratios as a measure of an
anomalous increase in (contaminant) metal levels. For
example, if an inner bone metal/calcium ratio was
greater by an arbitrary factor of 10 or more than the
lowest measured ratio for that metal (one nondetected
value for lead was not considered), the sample was con-
sidered to be excessively contaminated. This procedure
identified values for lead in sample numbers 3, 6, 8, 12,
and 14; cadmium in sample numbers 1, 3, 5, 6, 7, 12,
and 14; silver in sample numbers 9 and 13; and zinc in
samplenumber12. Theanomalouslyhighvaluesinthose
inner bone samples typically correspond with higher
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values in the companion outer bone samples, which evi-
dences an external source ofcontamination. Exceptions
to this feature do exist (e.g., cadmium sample numbers
1, 5, and 7, and silver sample numbers 9 and 13), though
explanations for these are unclear.
Contamination-adjusted averages are presented to
summarize the trace element concentrations and the
metal/calcium atomic ratios of the Pecos Indian bones
(Table 4). Adjusted average concentrations oflead, cad-
mium, silver, and zinc are 44, 27, 63, and 87% of the
unadjusted averages, respectively. Adjusted average
metal/calcium atomic ratios are 40, 29, 68, and 83% of
their unadjusted averages, respectively.
Although the adjusted average skeletal metal levels
are the best estimates for ancient North American Pe-
cos Indians, they may also be conservatively high. This
qualification is analogous to that detailed in analyses of
the previously described ice cores. Lead contamination
of the outer core during collection permeated through
minute cleavages in the ice and resulted in sequentially
decreasing lead concentrations toward the center ofthe
ice core. This indicated that even the lowest lead con-
centrations at the center of that core might have been
contaminated. Therefore, the inner ice core data are
considered to be conservatively high estimates of the
natural concentrations oflead initially deposited in the
ice (49). By analogy, the adjusted average metal levels
in inner bone are considered to be conservatively high
estimates ofthe natural levels in ancient North Amer-
ican Pecos Indians.
Discussion
The adjusted estimate of the atomic ratio of lead to
calcium in ancient Pecos Indian bones (8.4 x 10-7) iS
comparable to the upper range value measured previ-
ously (3) in ancient Peruvian bones (0.9 to 7.7 x 10-7).
These datademonstrate thatthe average contemporary
person may contain up to 500-fold more lead in his skel-
etal tissues than prehistoric Pecos Indians, who were
alsoexposedtoleadconcentrations abovenaturallevels.
This increase in contemporary individuals is due to an-
thropogenic perturbations ofnatural lead cycles, which
have greatly increased the bioavailability ofthis metal.
Conclusions on the magnitude of anthropogenic envi-
ronmental lead contamination based on the present
study's adjusted average lead/calcium atomic ratio of
Table 4. Contamination-adjusted mean elemental concentrations
and metal/calcium ratios of inner fraction of bone samples of
Pecos Indians.a
Concentration, Atomic ratio,
Element ,ug/g dry weight (SD) n metal/calcium (SD)
Pb 0.65 (0.32) 8b 8.4 (4.4) x 10-7
Ag 0.094 (0.044) 12 2.6 (1.4) x 10-7
Cd 0.032 (0.013) 7 0.83 (0.34) x 10_7
Zn 130.0 (66.) 13 5.4 (2.6) x 10-4
Ca 15.0 (1.9%) 14
aSee text for explanation ofhow values were calculated.
bOne nondetected value omitted for lead.
8.4 x 10-7 must be considered conservatively low com-
paredtothe conclusions ofEricsonetal. (3), whichwere
based on a corrected lead/calcium atomic ratio in bone
and tooth enamel of0.3 x 10-7. The discrepancies be-
tween these values maybe partially duetothepresence
of diagenetically added contaminant lead in the Pecos
Indian bones, which was corrected for differently than
in the ancient Peruvian samples, and the inclusion in
that study oftooth enamel, which is much less pervious
to soil moisture contamination.
The apparentlimited production and use ofdecorated
lead glaze paint wares by the Pecos Indians cannot be
quantified in these analyses but may partially account
for the elevated concentrations of the samples consid-
ered contaminated (50). Lead released from ceramic
glazes into acidic foods stored in pottery is still among
the most frequently cited sources of episodic cases of
classic lead toxicitythat are attributable to food (51,52).
This is also supported by the observation that contem-
poraneous humans occupationally exposed to lead ex-
hibit increased body lead burdens as some function of
exposure (53). A similar approach was used by Aufder-
heide et al. (42) to predict social correlates based on the
skeletal lead content of several colonial American pop-
ulations. In that study, the investigators observed el-
evated skeletal lead levels in distinct groups (gender,
occupation, and race) ofindividuals that reflected their
increased exposure to lead.
However, it is unlikely that the elevated lead levels
of some of the Pecos Indian bones are predominantly
due to increased exposure throughout life, rather than
contamination postmortem. This view is supported by
the absence of any correlates of elevated lead/calcium
atomic ratios with the age or gender of the Indians.
Exposure to lead via construction ofthe ceramic wares
was generally confined to a relatively few specialists in
this trade, and use of the ceramic wares was largely
divided along specific classes of gender, age, or tribal
rank. Quantifying the contribution of the glaze wares
to the body lead burdens ofthe Pecos Indians could be
approached using lead isotopic composition analyses of
bone samples, regional lead deposits, and the lead glaze
paint wares.
The most conservative unadjusted estimates of the
elemental concentrations of silver, cadmium, and zinc
in the ancient Pecos Indian bones reveal the likelihood
ofcontamination in some ofthe samples, which exhibit
values for silver (0.56 ,ug/g) and zinc (450 ,ug/g) that are
greater than those in modern man (0.01 to 0.44 ,ug/g
and 75 to 170 ,ig/g) (14). However, the best estimates
ofthose values (Table4), usingthepreviously described
criteria, indicate prehistoric and modern concentrations
of silver and zinc in human bones are essentially the
same, while concentrations of cadmium may have in-
creased more than 20-fold to the contemporary human
value of 1.8 ,ug/g (14).
A study comparingcadmium body burdens measured
in old pathological-anatomical specimens (61 kidneys, 53
livers) from 1897 to 1937 with 1980 modern autopsy
samples found that the body burden cadmium concen-
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tration has increased in modern man by a factor of4.7
(54). Compiled studies indicate that cadmium increases
in the human kidney with time up to 40 years of age
(55). No such increase in cadmium with age is apparent
in the Pecos Indian bone samples. This is likely due to
cadmium accumulating predominantly in kidney and
livertissue and due tothe limited andinconclusive num-
ber ofnoncontaminated samples measured. It may also
be due to the absence ofindustrial cadmium during de-
velopment or the mechanism ofcadmium accumulation
in living bone. Relating cadmium levels to bone carbon/
nitrogen ratios (protein content) in addition to bone dry
weight and calcium content may be more informative
in future analyses, since cadmiumis predominantly pro-
tein-bound in mammals (24,33).
Contrasting processes have been proposed to explain
why lead concentrations in some ancient humans are
foundtobelowerthanthoseinbonesofmodernpersons.
Some investigators have suggested that biologic lead is
leached out from buried bones (56,57) and that this pro-
cess diminishes lead concentrations with increased bur-
ial time. It was concluded, therefore, that lead levels
in bones of modern humans are natural (20). A con-
trasting view suggests that lead in ancient bones cor-
responds to very low natural levels of biologically ac-
cumulated lead, which may be contaminated to some
degree by soil moisture lead from natural and anthro-
pogenic sources during burial (3). When these additions
are corrected for by comparison with other alkaline
earth/calcium ratios, ancient bones are observed to con-
tain extremely low lead/calcium ratios relative to mod-
ern humans. We consider the latter viewpoint to be
correct and attribute the large relative increase in biol-
ogic lead ofmodern humans to the substantial increase
ofindustrial lead emissions over historical time (21).
In summary, lead levels in ancient Pecos Indian
bones, which are comparable to those of ancient Peru-
vians (3), show discrepancies from levels in modern hu-
mans that appear to result from the latter's exposure
to anthropogenic sources of lead. Smaller increases in
cadmium may be due to either increased exposure to
anthropogenic sources ofcadmium oranartifact ofpost-
mortem bone alteration. In contrast, skeletal levels of
zinc and silver do not appear to have measurably in-
creased. Elevated concentrations oflead, cadmium, and
zinc in outer bone support the diagenetic addition of
those metals to bone during burial. This also supports
the earlier findings of Ericson et al. (3) and contradicts
the leaching of those elements from bone as proposed
by other authors (20).
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